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Abstract: The variability of tree stem phenology plays a critical role in determining the 
productivity of forest ecosystems. Therefore, we aim to identify the relationships between the 
timings of cambium phenology, and forest growth in terms of tree-ring width over a long-term 
scale. A meta-analysis was performed that combined the timings of xylem formation, which were 
calculated by a tree-ring formation model of the VS-oscilloscope during the period 1960–2014, and 
a tree-ring width series at 20 composite sites on the Tibetan Plateau. Both the start and length of 
the growing season significantly affected the formation of wood at 70% of the 20 composite sites 
within the study region. A wider tree ring probably resulted from an earlier start and a longer 
duration of the growing season. The influence of ending dates on tree-ring width was less evident, 
and more site-dependent. Weak relationships were identified between the start and end of the 
growing season at 85% of the composite sites. Compared to the monitoring results, which could 
only detect the relationships between cambium phenology and xylem cell production from a 
limited number of trees and years, our long-term relationships deepened such connections, and 
therefore should be used to improve mechanism models for the accurate evaluating and 
predicting of wood production and carbon sequestration in forest ecosystems under current and 
future climate change. 
Keywords: xylogenesis; growing season; growth; dendroclimatology; conifers; forest ecosystems; 
tree-ring 
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1. Introduction 
Forests store nearly half of the total carbon accumulated in terrestrial ecosystems [1]. One of 
the most relevant natural processes for carbon sequestration is wood formation [2], which is a large 
component of the productivity of a forest stand [3,4]. The understanding of carbon uptake and 
storage in trees requires precise knowledge of when and how carbon is sequestered in the form of 
woody biomass [5]. 
Seasonal rates of wood formation are significantly influenced by the length of the growing 
season [6]. In contrast to primary growth (e.g., bud-burst, foliage, and shoots), secondary growth 
(xylem wood formation) occurs within the plants, and cannot be directly recorded by visual 
observations or detected by remote-sensing imagery. Presently, microcoring is the most suitable 
method for detecting and quantifying xylogenesis [7–9]. For example, relationships between the 
duration of xylogenesis and xylem production were conducted by observing anatomical sections 
obtained from microcores collected weekly from the stem [10]. Based on the microcoring method, 
the onset of xylogenesis in black spruce (Picea mariana) in the boreal forest of Quebec, Canada, 
influenced the number of cells produced by the cambium, which in turn had an effect on the ending 
of cell differentiation [11]. No causal relationship was detected between the onset and ending of 
xylogenesis [11]. However, differences in tree radial growth in silver ﬁr (Abies alba) in France 
resulted mainly from differences in the rate of xylem cell production, rather than from the duration 
of the growing season [12]. Although of great precision, this method needs much field and 
laboratory work, and the small sampling size limits generalization and the reliability of any long-
term trends. In addition, it is more difficult and expensive to conduct such research in remote and 
harsh environments, such as the Tibetan Plateau (TP), the highest and largest plateau in the world, 
which is a region especially sensitive to climate changes. Consequently, few results have been 
reported from this vast region up to now [13–15], limiting our understanding of long-term 
responses of the cambium phenology to climate changes, and the inherent relationships between 
wood formation and xylogenesis over time. 
Recently, a long time series (1960–2014) of xylogenesis has become available for the TP, which 
is based on the modification of the process-based tree-ring growth VS-model [16], i.e., the VS-
oscilloscope [17]. The model was developed to quantify tree-ring formation as a function of climate 
variables to the kinetics of secondary xylem development [16,17]. According to this long 
phenological series covering the period 1960–2014, the start and end of the growing season have 
been extended to earlier and later dates, respectively, resulting in a significant extension of the 
growing season [18]. In parallel, several studies reported increasing trends in tree radial growth in 
different parts of the TP [19–21]. However, wider tree rings may result from a higher cell 
production rate during the active growth period, as well as from an extended growing season. 
Questions are therefore raised on the effect of such phenological changes on tree radial growth. In 
particular, we would like to know whether there are inherent relationships between the start, end, 
and duration of the growing season, and the wood formation. Resolving these issues is crucial to 
thoroughly evaluate the complex dynamics of xylem cell formation, and therefore provide insights 
to link forest ecosystems and carbon sequestration. 
The objective of this meta-analysis is to identify the relationships between the timings of 
cambium phenology, and growth in terms of tree-ring width. The analysis will test the hypothesis 
that the start and end of the growing season are correlated to each other. Other studies found that 
the timing of autumn senescence is affected by the timing of spring phenology in European 
temperate tree species [22], in northeastern United States (US) temperate forests [23] and in 
northern hemisphere deciduous forests [24]. In this meta-analysis, we used the timings of cambium 
phenology produced by the tree growth VS-oscilloscope model at 20 composite sites on the TP. 
Subsequently, we compared the resulting phenological time series with the respective tree-ring 
width chronologies during 1960–2014. This approach allows for the first time the investigation of 
possible relationships between cambium phenology variability and radial growth performance 
across a wide geographical area and over a long time scale. 
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2. Materials and Methods 
2.1. Study Region 
The study region is located on the Tibetan Plateau (TP), which has an average elevation of 
more than 4000 m above sea level (a.s.l.) (Figure 1). Climate conditions are dominated by the East 
Asian monsoon, the Indian monsoon, and the Westerlies [25]. The summer season (June–August) is 
normally wet and moderately warm, while winter (December–February) is generally dry and cold 
(Figure S1). Based on 20 weather stations in the study region, during the period 1960–2014, the 
mean annual temperatures ranged from −2.9 to 15.4 °C, while the annual precipitation varied 
between 87–1183 mm (Table S1). Compared to temperature, precipitation shows slightly lower 
agreement among the different weather stations (Figure S1). 
 
Figure 1. Study region including the 20 composite sites (centroid of the corresponding single sites) 
on the Tibetan Plateau (TP). 
2.2. Tree-Ring Width Chronology 
The sampling sites are mainly located in the eastern part of the TP (Figure 1), where the forests 
are naturally distributed at elevations varying between 2750–4780 m a.s.l. The main studied genus 
is Juniperus. The other genera of Sabina, Cupressus, Tsuga, Picea, and Abies are also included, and 
more detailed information (including the number of trees, coordinates, elevations, and so on) is 
listed in Table S2. Definitely, almost all of the tree-ring width chronologies have been published 
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before. Nonetheless, we re-checked the quality of all of the raw measurement data, as well as the 
cross-dating using COFECHA [26]. Then, we developed all of the tree-ring width chronologies 
following standard dendrochronological practices [27] with the software ARSTAN [28]. Prior to 
standardization, a data adaptive power transformation was applied to reduce the potential 
heteroscedasticity that is commonly found in the raw ring-width measurements [29]. To remove the 
influences of age or other factors unrelated to climate, raw series were detrended conservatively 
using a negative exponential function. Tree-ring indices were then calculated as the residuals 
between the measured ring width and the corresponding value of the fitted curve. The detrended 
tree-ring series were averaged to a standard site chronology using a biweight robust estimate of the 
mean to minimize the influence of outliers [30]. The obtained standardized tree-ring width 
chronologies (TRW) were used for further analyses. During this process, we combined 50 single-site 
chronologies into 20 composite series, due to the covariability of the tree-ring width records, as 
indicated by the high values of the inter-series correlation (Rbar), and expressed population signal 
(EPS) in Table S2. 
2.3. Timings of Cambium Phenology 
Tree-ring phenology data was available from [18], which was derived from results of the VS-
oscilloscope model [17]. This model defines the climatic drivers of tree-ring growth through control 
on the rate and duration of cell-based processes (cell division, enlargement, and maturation) in the 
developing xylem. The simulated cambial growth rate is determined by using the most limiting 
factor to scale the component processes of tree-ring formation. This procedure can accurately 
capture the start (SOS) and end (EOS) of the growing season, and its length (LOS), which is 
calculated as the difference between the EOS and SOS. Herein, the SOS and EOS are defined as the 
time of first and last xylem cell differentiation, respectively. The input climate data include daily 
temperature and precipitation, which were selected from 20 meteorological stations nearest to the 
20 composite sites for the modeling (Table S1). Based on the significant correlations between the 
simulated tree-ring width indices and the actual tree-ring width chronologies over their common 
period at each composite site (p < 0.05), model output of the cambium phenological data were used 
for the further analyses. 
2.4. Statistical Analyses 
Relationships between amount of wood and timings of cambium phenology were performed 
by Spearman correlations, because the cambium phenological data (SOS, EOS, and LOS) did not 
meet the conditions of normality (Figures S2–S4). Correlations at each composite site were 
calculated separately over their common period. A two-tailed test was used for determining the 
significance level. Significant correlations were presented in their respective scatter plots (p < 0.10). 
Statistical Package for the Social Sciences (SPSS) software was used for the statistical analyses. 
To investigate the overall significance of the relationships across the metadata, a Fisher z-
transformation [31] was used, because z-scores of transformed r follow a normal distribution under 
the null hypothesis of statistical independence. The inversed r-value from the Fisher z-
transformation at each composite site was pooled to represent the final correlation over the TP. The 
transformed correlation was considered significant when both 95% confidence intervals of the 
distributions were either higher or lower than zero. 
3. Results 
3.1. Tree-Ring Width Chronologies 
Due to the covariability of the tree-ring width series and the large sample depth, the expressed 
population signal (criteria quantifies the degree to which an averaged time series with a limited 
number of samples approximates the theoretically infinite replicated time series) at each composite 
site reached the threshold of 0.85. Additionally, the generally high values of the inter-series 
correlation (Rbar) and signal-to-noise ratio (SNR) indicated the coherence of the chronologies. The 
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produced tree-ring width chronologies covered the past hundreds to thousands of years (Table S2). 
All of the tree-ring width series were truncated after the year 1960 for further analyses. 
Accordingly, 70% of the 20 composite chronologies showed significant positive trends over the 
studied period (p < 0.05). 
3.2. Timings of Cambium Phenology 
The start of the growing season mainly occurred in May and June (day of year (DOY) 120–180) 
during the period 1960–2014 in the study region (Figure S2). The accumulated frequency of SOS 
during DOY 120–180 ranged from 83.6% to 100% at the 20 composite sites, with a mean value of 
95.9%, and a standard deviation of 4.7%. However, the SOS may also occur in early April or late 
July, depending on the different composite sites or in specific years. From 1960 to 2014, the SOS 
showed a significant advancing trend at 75% of the composite sites (p < 0.10). Compared to the two 
months (May and June) of variability for the occurrence of SOS in the whole study region, the 
ending dates normally focused on September and the first half of October (DOY 240–285, Figure 
S3). The mean accumulated frequency of the EOS during DOY 240–285 reached 94.4% in the study 
region. A prominent delaying trend of the EOS was observed at 80% of the study region during 
1960–2014. The length of the growing season varied between 60 to 120 days at most of the 
composite sites (Figure S4), accounting for 80.1% of the LOS variability over the period 1960–2014. 
A significant extension of the LOS was detected for 80% of the 20 composite sites over their 
common period (p < 0.05). Additionally, another 10% of the composite sites passed the significance 
level of 0.05 < p < 0.10, resulting in a total of 90% of the composite sites that lengthened the growing 
season. However, in total, a spatial pattern for the variability of the cambium phenology (including 
SOS, EOS, and LOS) in the whole study region could not be clearly identified, which was probably 
due to the different climate conditions, as well as elevations, of the sampling sites. Namely, 
compared to the northern region, an earlier (later, longer) SOS (EOS, LOS) is not detectable in the 
southern part of the TP. Similar results also apply to the relative western and eastern dominated 
sites of the study region. 
3.3. Relationships between Cambium Phenology and Wood Formation 
Significant negative Spearman correlations between SOS and TRW were found at 70% of the 
composite sites over the period 1960–2014 (p < 0.10, Figure 2). Thus, a wider tree ring was 
significantly correlated with an earlier date of cambium activation at 14 composite sites. However, 
the influence of the ending date on the formation of wood was only small and site-dependent 
(Figure 3). Prominent positive correlations between the EOS and TRW only occurred at 35% of the 
composite sites. In accordance with the absolute value of the correlation, TRW was more correlated 
with the SOS than the EOS, except at three (ZQ, HDS, and WL) of the 20 composite sites. 
Furthermore, significant correlations between the LOS and TRW prevailed at 70% of the composite 
sites over their full investigated period (Figure 4). A narrower TRW was thus associated with a 
shorter LOS, and vice versa. More specifically, 94% of the significant relationships occurred in the 
juniper trees. Additionally, weak relationships between SOS and EOS were identified in the study 
region except at three composite sites (Figure 5). Thus, no specific pattern can be detected for the 
relationships between the start and end of the growing season over their common period 1960–
2014. In total, the mean values calculated from the Fisher z-transformation and its inverse pooled r 
over the common period indicated that the SOS and LOS were significantly correlated with TRW, 
while the EOS was not prominently related with TRW and SOS in the study region (Table 1). 
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Figure 2. Scatter plots of the tree-ring width chronologies (TRW) and start of the growing season 
(SOS) at the 20 composite sites during 1960–2014. DOY means day of the year. Significant Spearman 
correlations are presented at the corresponding plots (p < 0.10). 
 
Figure 3. Relationships between the tree-ring width chronologies (TRW) and end of the growing 
season (EOS) at the 20 composite sites over their common period 1960–2014. DOY means day of the 
year. Only composite sites that reached the significance level of p < 0.10 are shown by their 
Spearman correlations. 
Forests 2018, 9, x FOR PEER REVIEW  7 of 13 
 
 
Figure 4. Scatter plots of the tree-ring width chronologies (TRW) and the length of the growing 
season (LOS) during 1960–2014. Significant relationships are revealed by their respective Spearman 
correlations (p < 0.10). 
 
Figure 5. Scatter plots of SOS and EOS at the 20 composite sites during the period 1960–2014. 
Significant relationships occur in limited composite sites, as detected by their Spearman 
correlations. 
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Table 1. Mean correlations between wood formation (TRW) and cambium phenology (including the 
SOS, EOS, and LOS) calculated from the Fisher z-transformation and its inverse pooled r at the 20 
composite sites over the common period 1960–2014 on the Tibetan Plateau (TP). 
 TRW–SOS TRW–EOS TRW–LOS SOS–EOS 
Mean value −0.36 0.18 0.38 −0.09 
95% −0.55 0.43 0.57 −0.34 
5% −0.08 −0.09 0.11 0.18 
TRW–SOS, TWR–EOS and TRW–LOS indicate correlations between TRW and SOS, EOS as well as 
LOS, respectively; SOS–EOS means correlation between SOS and EOS. The 95% and 5% in the left 
hand column mean the upper and lower bound of the 95% confidence interval. The transformed 
correlation was considered significant when both 95% confidence intervals of the distributions were 
either higher or lower than zero. 
4. Discussion 
Based on the large tree sample depth at 20 composite sites from the TP, the consistent and 
straightforward results from our meta-analyses revealed the good applicability of our approach in 
the study region. Firstly, the significant correlations between the modeled results and actual tree-
ring width chronologies (TRW) suggest that the model performance is robust (95% series reaches 
the significance level of p < 0.01, and the remaining 5% series is significant at the level of p < 0.03). 
Secondly, the derived phenological series are generally consistent with the available monitored 
results in the study region [18]. Thirdly, the regionally averaged phenological variability closely 
matches with the vegetation green-up series derived from remote sensing data over their common 
period 1982–2011, as conducted by [18]. Hence, in comparison to the monitoring results that could 
only detect connections from a limited number of trees and years [10–12], our analysis is thus able 
to deepen the understanding of the relationships between the stem radial growth of a tree and the 
start (SOS), the end (EOS), and the length (LOS) of cambial activity. 
4.1. Relationships between Wood Formation and Start (Ending) of the Growing Season 
The assumption that an earlier start of the growing season results in a wider tree ring is 
supported by the significant correlations between TRW and SOS at the majority of the composite 
sites in our study region (Figure 2). Additionally, we also detected significant correlations between 
TRW and EOS at 40% of the composite sites (Figure 3). Thus, a wider tree ring is in general 
associated with an earlier start and a later end of the growing season. Consistent with results 
applying the microcoring method during the period 1998–2011, the earlier spring phenology and 
later termination of cell differentiation is associated with increases in the number of cells produced 
in one annual growth ring in conifers [7]. Specifically, our results further reveal that the correlations 
between tree growth and SOS are in general higher than with EOS, at 85% of the study region, 
suggesting the more prominent influence of SOS on wood formation. An earlier start of the 
growing season would probably produce more earlywood cells, considering that the maximum 
daily cell production rate in conifers occurs around the summer solstice [32–34]. On the TP, 
monitoring results also found that the main cell production period occurs between June–July 
[13,35–37]. The earlywood cells account for a substantial proportion of the whole ring width in 
conifers, and especially in junipers [38]. The EOS is mainly relevant to the formation of latewood 
cells, and affects the TRW to a lesser extent. Hence, a narrow tree ring may be formed mainly due to 
a delayed onset of xylem formation [15]. Such a result is consistent with the intra-annual growth 
dynamics of the xylem in black spruce (Picea mariana) in the boreal forest of Quebec, Canada [11]. 
Consequently, although we cannot exclude the possibility that an earlier start of the growing season 
might be associated with an increased risk of frost damage to the cambium [39], we conclude that 
wood production may benefit more from the earlier dates of onset rather than the later cessation of 
growth in the future on the TP. 
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4.2. Relationships between Wood Formation and Length of Growing Season 
The significant correlations between TRW and LOS suggest that a longer growing season 
would result in a wider tree ring in the study region (Table 1 and Figure 4). The relationship 
between the duration of growth and seasonal cell production has also been observed both in nature 
and in manipulated experiments (tree stem portion can be locally manipulated by heating with an 
electric heat tape, or cooling by a circulating pump that pushes cooled water through copper tubes 
that are wrapped around the stem). Xylem growth is positively correlated with the rate and 
duration of cell production, with the latter explaining most of the variability in growth in Quebec, 
Canada [10]. An increased duration of xylogenesis in 2003 resulted in an increased stem biomass 
production of Pinus leucodermis in southern Italy through increases in both ring width and the 
amount of carbon fixed in the cell walls [40]. Cooling treatments reduced the width of tree rings, 
and shortened the period of cambial activity in Slovenia [41]. Moreover, both the LOS and TRW 
show significant positive trends at the majority of the composite sites during the period 1960–2014 
in the study region. Based on the long-term relationships between xylogenesis and wood formation, 
we expect that the extension of the growing season (induced by the warming trend) would 
definitely result in wider tree rings, and thus increase tree growth, forest productivity, and carbon 
sequestration on the TP in the future. 
4.3. Relationships between Start and Ending of the Growing Season 
Our hypothesis affirming that the start and end of the growing season are correlated to each 
other is not supported by their weak relationships during the period 1960–2014. Thus, the timing of 
autumn senescence is not affected by the timing of spring phenology in the stem of trees over the 
study region (Table 1 and Figure 5). However, previous authors found that an earlier leaf flushing 
resulted in an earlier senescence in two tree species of pedunculate oak (Quercus robur) and 
European beech (Fagus sylvatica) in Belgium [22]. The timing of autumn senescence was related to 
the timing of spring bud-burst by using two decades of ground and satellite-based observations of 
temperate deciduous forest phenology in the northeastern US [23]. A positive correlation between 
the SOS and EOS was detected from a satellite-observed normalized difference vegetation index 
over 1982–2011 in the southwestern TP [42]. Definitely, the aforementioned relationships between 
the SOS and EOS were derived from the primary growth of plants. Our study investigated the 
secondary growth of trees, and was consistent with results from four years of monitored 
xylogenesis in the boreal forest of Canada [11]. Long-term relationships between the SOS and EOS 
in the xylem in other study regions are not reported. Herein, the different physiological 
mechanisms of the primary and secondary growth probably result in the contrary relationships 
between the SOS and EOS. Additionally, different methods and various time scales from the 
experimental results or satellite observations may also drive some bias. We therefore expect more 
studies directly conducting both the primary and secondary growth of plants [43] in the future. 
Nevertheless, comparison of the different relationships between the start and end of the growing 
season provide useful information for the modification or adjusting of models, which normally use 
primary and secondary growth as input to assess or predict forest growth, ecosystem productivity, 
and carbon equilibrium at various spatial and temporal scales [44,45]. 
4.4. Other Factors Influencing Wood Formation 
Definitely, additional other internal/plant physiological factors may affect the relationships 
between wood formation and the timings of cambium phenology. For example, tree-ring width is 
also a function of the rate of radial increment, and the size of the cells formed [16,46]. The effect of a 
longer growing season on the formation of wood can be biased by a decreased formation rate or 
reduced cell size [15,47,48]. The different allocation strategies of absorbed carbon by a tree probably 
result in more complex relationships between wood formation and cambium phenology [7,49]. The 
variability of tree-ring width is also affected by the climate conditions during previous year(s) [50–
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52]. Consequently, weak relationships, or the lack of relationships between wood formation and 
cambium phenology at some of the composite sites is rational and coherent with our actual 
knowledge of tree-ring formation. Herein, it is additionally found that the significant correlations 
are in general consistently associated with the studied juniper trees. Interestingly, 67% of the weak 
relationships occurred in the other studied genera of Himalayan hemlock, spruce, and fir. However, 
it should be noted that compared to the juniper trees, the sample sizes for the other genera are 
limited. We therefore could not systematically define that the relationships between wood 
formation and cambium phenology are genus-specific on the TP. Investigations on more different 
sites and/or genera are expected to verify these relationships in the future. 
5. Conclusions 
In our meta-analysis, we investigated the relationships between wood formation (represented 
by the standardized tree-ring width chronology) and cambium phenology over the long period 
between 1960–2014 on the Tibetan Plateau. The results indicated that a wider tree ring is 
significantly related with an earlier onset, a later cessation, and a longer duration of the growing 
season in the xylem. Specifically, the influence of initiation on the formation of wood is more 
prominent than that of the cessation in the xylem. We therefore expect that in the future, wood 
production will benefit more from the earlier onset, rather than the later cessation. More 
interestingly, we detect that the timing of autumn senescence is not affected by the timing of spring 
phenology in the xylem, contrary to the relationships derived from the primary growth of plants. 
This meta-analysis therefore contributes to a more complete understanding of the growth dynamics 
of plant ecosystems. To check whether such relationships between cambium phenology and wood 
formation are speciﬁc for the TP or whether they are a more general feature, these relationships 
need to be tested at other locations with different types of forest and climate. If the relationships 
between changes in wood formation and cambial phenology are better understood, such 
knowledge may be useful for developing mechanistic models relating wood production and carbon 
storage, considering that the active cambium is the main carbon sink in a tree. 
Supplementary Materials: The following are available online at www.mdpi.com/link. Figure S1: Averaged 
mean, minimum and maximum temperatures (lines with filled squares) and precipitation (gray histogram) 
from January to December at the 20 composite sites during the period 1960–2014, Figure S2: Frequency 
distributions of the start of the growing season (SOS) in the study region. DOY: day of year, Figure S3: 
Frequency distributions of the ending of the growing season (EOS) in the study region. DOY: day of year, 
Figure S4: Frequency distributions of the length of the growing season (LOS) in the study region, Table S1: 
Summer season temperature (including mean, minimum and maximum temperature) and accumulated 
precipitation at the 20 composite sites during the period 1960–2014 on the Tibetan Plateau. Data inside the 
bracket is the respective climate conditions in the winter season, Table S2: Tree-ring width chronology used in 
the study. 
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